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Purpose of review

To review the association between vitamin D deficiency and diabetes and

cardiovascular risk.

Recent findings

Vitamin D deficiency is newly recognized as a common condition of increasing

prevalence worldwide. Clinically, vitamin D has an established role in calcium and bone

metabolism and has recently been shown to be associated with increased risk of

developing type 1 and type 2 diabetes mellitus and cardiovascular disease (CVD), as

well as with cardiovascular risk factors such as hypertension and obesity. The molecular

mechanisms of these associations remain incompletely understood. The active

metabolite of vitamin D regulates transcription of multiple gene products with

antiproliferative, prodifferentiative, and immunomodulatory effects. Although vitamin D

deficiency is frequently unrecognized clinically, laboratory measurement is easy to

perform and treatment of vitamin D deficiency is relatively well tolerated and inexpensive.

Limited, yet promising, results of proof-of-concept intervention studies of using vitamin

D in diabetes will be presented.

Summary

The high prevalence of vitamin D deficiency and plausible molecular mechanisms linking

this to diabetes and cardiovascular risk suggest treatment of vitamin D deficiency to

prevent and/or treat diabetes is a promising field to explore.
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Introduction

Vitamin D deficiency is common in all age groups world-

wide [1–4,5�], with a dramatic increase in prevalence and

severity over the last decade. The prevalence of vitamin

D deficiency (<75 nmol/l) is 74%. The prevalence of

severe deficiency (<25 nmol/l) increased from 2 to 6%

in the general USA population and from 9 to 29% in non-

Hispanic blacks, exemplified by the National Health and

Nutrition Examination Survey (NHANES) report [6�]. A

meta-analysis of 394 studies performed worldwide chal-

lenges traditional concepts that vitamin D is inversely

associated with latitude [5�].

Type 2 diabetes mellitus (T2DM) affects morbidity and

mortality [7,8], with cardiovascular disease (CVD) being

the leading cause of death [9]. Vitamin D deficiency has

been associated with T2DM and other established

cardiovascular risk factors including hypertension, hyper-

lipidemia, and obesity [10]. Low vitamin D (<50 nmol/l)

is independently associated with incident CVD [11],

heart failure, and peripheral artery disease prevalence
opyright © Lippincott Williams & Wilkins. Unauth
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[12]. Most studies suggesting a link between vitamin D

deficiency, T2DM, and cardiovascular risk are epidemio-

logic or cross-sectional in nature. Limited intervention

studies have been conducted. However, as vitamin D

deficiency is common [1–4,5�,6�] and potentially easy to

treat, it is an attractive intervention target for further

investigation in an attempt to prevent or even treat

T2DM or cardiovascular disorders.

Vitamin D

Dietary sources of vitamin D are limited (Table 1).

Ultraviolet B (UVB) light-dependent conversion of

7-dehydrocholesterol to cholecalciferol (vitamin D3) in

the skin is the main source vitamin D. Vitamin D3 is

hydroxylated in the liver by the vitamin D3 25-hydroxyl-

ase to 25-hydroxycholecalciferol [25(OH)D], which is

further processed in the kidney by the 25-hydroxy-

vitamin D3-1a-hydroxylase to the biologically active

metabolite 1,25-dihydroxycholecalciferol [1,25(OH)2D].

1,25(OH)2D is a steroid hormone that regulates transcrip-

tion of over 200 genes [3]. Classically known for its role

in calcium and bone metabolism, vitamin D is newly
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Table 1 Nutritional sources of vitamin D

Food Serving size International units (IU) per serving

Cod liver oil 1 Tablespoon 1360
Salmon, cooked 100 g (3.5 oz) 934
Mackerel, cooked 100 g (3.5 oz) 457
Sardines, canned in oil 50 g (1.75 oz) (drained) 96
Tuna fish, canned in oil 85 g (3 oz) 180
Milk, nonfat, reduced fat, and whole, vitamin D fortified 1 Cup 98
Margarine, fortified 1 Tablespoon 60
Pudding, prepared from mix and made with vitamin D fortified milk Half cup 50
Ready-to-eat cereals fortified with 10% of the DV for vitamin D Three-quarter cup to one cup servings

(servings vary according to the brand)
40

Egg (vitamin D is found in egg yolk) 1 Whole medium 20
Liver, beef, cooked 100 g (3.5 oz) 46
Cheese, Swiss 30 g (1 oz) 6
recognized for potent antiproliferative, prodifferentia-

tive, and immunomodulatory effects in many tissues

[13]. The nuclear vitamin D receptor is present in most

human tissues [14] and 25-hydroxyvitamin D3-1a-

hydroxylase is expressed in multiple tissues other than

the kidney [15], providing potential molecular and cel-

lular mechanisms for diverse effects of vitamin D.

Vitamin D adequacy is evaluated by measuring serum

25(OH)D concentration, as this is the primary circulating

form of vitamin D. Historically, 25(OH)D concentrations

required to prevent osteomalacia and rickets (>25 nmol/l)

were considered normal. However, epidemiological stu-

dies suggest higher levels are necessary to prevent osteo-

porosis, fractures, colon cancer, and periodontal disease

and improve lower extremity function [16]. Therefore, a

cutoff level of 75 nmol/l is presently recommended to

define vitamin D adequacy [17]. As the most commonly

evaluated adult supplement dose of 400 IU daily may be

insufficient when considering achieved serum vitamin D

concentrations [18] or disease prevention [19,20], results

of intervention studies with vitamin D should be cau-

tiously interpreted. Daily intake of 800–1000 IU is more

optimal for maintenance of normal vitamin D concen-

trations, and substantially larger doses are needed to treat

vitamin D deficiency [3,17].
Vitamin D and diabetes
Vitamin D deficiency is associated with both type 1

diabetes mellitus (T1DM) and T2DM.
Type 1 diabetes mellitus
The immunomodulatory effects of vitamin D [13]

suggest a plausible role in autoimmune diseases, such

as T1DM. Indeed, lifelong treatment with 1,25(OH)2D

prevents insulitis and diabetes in nonobese diabetic

(NOD) mice [21]. Plasma 25(OH)D concentrations are

lower in patients with T1DM at diagnosis than in non-

diabetic controls (82.5 vs. 96.7 nmol/l; P< 0.0001) [22],

although mean levels for both groups were in the norma-
opyright © Lippincott Williams & Wilkins. Unautho
tive range. Importantly, vitamin D supplementation in

infancy decreased incident T1DM demonstrated in a

large European multicenter cross-sectional trial [23]

and a Finish birth-cohort study. In the latter study,

children who regularly took 2000 IU daily during the first

year of life had a relative risk (RR) of 0.22 [95% confi-

dence interval (CI) 0.05–0.89] for developing T1DM by

age 30 compared with those who used less. Children with

suspected rickets had a RR of 3.0 (95% CI 1.0–9.0)

compared with those without such suspicion [24]. No

study thus far has assessed in a prospective randomized

manner the effect of vitamin D on T1DM prevention. In

recent-onset T1DM, administration of 0.25 mg calcitriol

[1,25(OH)2D] on alternate days for 1 year had a modest

effect on residual pancreatic beta-cell function and

temporarily reduced insulin requirement at 3 and

6 months [25], suggesting a potential therapeutic role

after diagnosis.
Type 2 diabetes mellitus
The pathogenesis of T2DM involves both beta-cell

dysfunction and insulin resistance. In-vitro and rodent

studies suggest an important role for vitamin D both in

beta-cell function and insulin resistance [26]. Hypovi-

taminosis D correlates with beta-cell dysfunction and

insulin resistance in 126 normoglycemic healthy adults

studied with an oral glucose tolerance test (OGTT) and

hyperglycemic clamp [27].

Multiple epidemiologic studies suggest low vitamin D

levels are associated with impaired glucose metabolism.

25(OH)D correlates inversely with fasting serum glucose,

with the greatest association observed when 25(OH)D

concentrations were less than 40 nmol/l in nondiabetic

postmenopausal women [28]. Likewise, serum 25(OH)D

is inversely associated with hemoglobin A1c (HbA1C)

especially at concentrations less than 65 nmol/l and in

participants with higher BMI [29]. Hypovitaminosis D is

more prevalent in patients with T2DM than in those

without [30] and is associated with increased diabetes

prevalence and insulin resistance assessed by fasting
rized reproduction of this article is prohibited.
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glucose and insulin levels in both non-Hispanic whites and

Mexican Americans [31]. Similarly, a significant inverse

association was observed between serum 25(OH)D con-

centration and T2DM incidence in a 17-year observational

Finish study, with a RR of 0.60 (95% CI 0.36–0.98;

Ptrend¼ 0.01) between highest and lowest serum

25(OH)D quartile [32]. Lastly, baseline 25(OH)D was

inversely associated with 10-year risk of hyperglycemia

(fasting glucose and 2 h post-OGTT) and insulin resist-

ance [fasting insulin and homeostasis model assessment of

insulin resistance (HOMA-IR)] in a prospective popu-

lation-based study of 524 middle-aged nondiabetic men

and women [33].

Only a few intervention studies evaluate effects of vitamin

D supplementation on glucose metabolism. High-dose

calcitriol (1.5 mg daily for 7 days) did not increase insulin

sensitivity measured by euglycemic clamp compared with

placebo in healthy volunteers who were not vitamin D

deficient at baseline [34]. However, 1-month treatment

with 1332 IU cholecalciferol daily in 10 women with

T2DM (of whom seven were vitamin D deficient at base-

line) improved insulin sensitivity and first-phase insulin

secretion, albeit with no effect on second-phase insulin

secretion [35].

The most promising study to date suggesting vitamin D

alters diabetes risk is a post hoc analysis from an osteo-

porosis intervention study in which 314 nondiabetic

white adults were randomized to either 700 IU vitamin

D3 and 500 mg calcium citrate, or placebos, daily for 3

years. Treatment with vitamin D and calcium citrate

demonstrated attenuated rise in fasting glucose in partici-

pants with baseline impaired fasting glucose (IFG) but

not in those with normal fasting glucose. Participants with

IFG who received vitamin D and calcium also had

reduced progression of insulin resistance assessed by

HOMA-IR [36]. Conversely, the Women’s Health

Initiative (WHI) study reported that supplementation

with 400 IU vitamin D3 and 1000 mg calcium daily com-

pared with placebo did not reduce risk of developing

diabetes over 7 years [37].

Considering the results of these two studies, it is import-

ant to note that neither was designed to assess diabetes or

glucose metabolism as primary outcome. The diagnosis

of abnormal glucose metabolism or T2DM was based

solely on fasting glucose or self-reported diabetes, which

are insufficient to comprehensively diagnose diabetes.

Furthermore, study participants were not recruited

according to T2DM risk and may not represent appro-

priate target population for T2DM prevention. As base-

line concentrations of vitamin D were not reported, it is

plausible that only people with low levels benefit from

vitamin D supplementation. In addition, administered

vitamin D doses, especially in the WHI, are no longer
opyright © Lippincott Williams & Wilkins. Unauth
considered sufficient for disease prevention [17] and

post-treatment levels of vitamin D are not reported,

raising the possibility that even actively supplemented

patients did not reach adequate 25(OH)D concen-

trations. In both studies, vitamin D was given with

calcium, complicating the distinction of vitamin D

effect itself. Finally, placebo-treated patients in the

WHI were allowed to take vitamin D and/or calcium

supplements, which may attenuate observed effect of

active treatment.

A meta-analysis of observational and intervention studies

suggests inadequate vitamin D and calcium intake nega-

tively influence glycemia, whereas combined supplement-

ation with both nutrients may be beneficial in optimizing

glucose metabolism [26]. Clinical studies designed specifi-

cally to assess the effect of vitamin D supplementation on

glucose metabolism are currently underway [38]. These

studies evaluate the effect of vitamin D supplementation

in high-risk populations with both vitamin D deficiency

and impaired glucose metabolism. Larger doses of vitamin

D, 2000–7000 IU daily, are used. The results of these

studies will be informative and are timely.
Vitamin D and obesity
Obesity is an established risk factor for T2DM. Many

studies demonstrate serum 25(OH)D concentrations are

inversely correlated with various measures of obesity

including weight, BMI, and waist circumference

[4,28,39–41]. The proposed explanation for the relation-

ship between low vitamin D and obesity is reduced

bioavailability of vitamin D in obese people after either

UVB exposure or oral administration of vitamin D

because of its sequestration in adipose tissue [42].

Although obesity is associated with lower vitamin D

levels, evidence of beneficial effect of vitamin D supple-

mentation on weight reduction is lacking [43,44].
Vitamin D and the metabolic syndrome
The metabolic syndrome, describing the cluster of

abdominal obesity, hypertension, dyslipidemia, and

hyperglycemia [45], is closely linked with T2DM [46].

Two cross-sectional studies (NHANES III and

NHANES 2003–2004) have shown a significant inverse

association between serum vitamin D concentrations and

the metabolic syndrome [41,47]. Low serum 25(OH)D

was associated with components of the metabolic

syndrome including abdominal obesity, hypertension,

hypertriglyceridemia, and higher HbA1C and lower

high-density cholesterol [48]. Likewise, baseline

25(OH)D levels were inversely associated with 10-year

risk of metabolic syndrome risk score in a prospective

longitudinal study from the UK [33], although this

relationship has not been uniformly replicated [49].
orized reproduction of this article is prohibited.
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Vitamin D and blood pressure
The majority of patients with T2DM also have hyper-

tension [50]. Rodent studies demonstrate 1,25(OH)2D is

a negative regulator of the renin–angiotensin system,

which plays a major role in blood pressure regulation

[51,52].

Serum vitamin D concentrations inversely correlate with

blood pressure both in normotensive and hypertensive

individuals in cross-sectional studies, even in the norma-

tive range of serum vitamin D [53,54]. In large prospec-

tive cohort studies, low levels of 25(OH)D (<37.5 nmol/l)

compared with normal levels (>75 nmol/l) were associ-

ated with 6.1-fold and 2.7-fold increased relative risk

(RR) of developing hypertension, in men and women,

respectively, over 4–8 years [55].

Eight weeks intervention with 800 IU vitamin D3 plus

1200 mg calcium daily in elderly women with low base-

line 25(OH)D concentrations (<50 nmol/l) led to a signi-

ficant reduction in SBP and heart rate compared with

calcium alone. Although this was a relatively small study,

81% of the vitamin D–calcium group had a 5 mmHg or

more decline in SBP, compared with 47% of patients in

the calcium-alone group [56].

In contrast, 400 IU vitamin D3 plus 1000 mg elemental

calcium daily did not affect the change over time in SBP

or DBP in the WHI trial in which 36 282 postmenopausal

women were followed for a median of 7 years [57]. These

null results should be cautiously interpreted, as again, the

WHI was not specifically designed to assess the effect of

vitamin D on blood pressure, the vitamin D supplement

dose was significantly lower than the dose that may be

necessary and patients in the placebo group were allowed

to take vitamin D supplement, which may have attenu-

ated observed findings.
Vitamin D and cardiovascular disease
Vitamin D deficiency is independently associated with

cardiovascular risk. In a case–control study of 179

patients with prior myocardial infarction (MI) and 179

people with no ischemic heart disease matched by age,

sex, and date of blood collection (important for seasonal

variation in vitamin D concentrations), MI patients had

significantly lower mean 25(OH)D concentrations (32.0

versus 35.5 nmol/l; P¼ 0.017), although both groups

manifest low vitamin D levels [58].

Vitamin D deficiency increases the risk of prevalent CVD

(odds ratio 1.20) after adjustment for multiple risk factors

in cross-sectional analysis from the NHANES III [59]. A

Health Professionals Follow-up Study conducted in

18 225 middle-aged men free of diagnosed CVD at base-
opyright © Lippincott Williams & Wilkins. Unautho
line [60] showed that men deficient in 25(OH)D

(�37.5 nmol/l) have increased risk for MI compared with

those sufficient (�75 nmol/l) in vitamin D (RR 2.42, 95%

CI 1.53–3.84; P< 0.001 for trend) [60]. Similarly, there

were two-fold increases in all-cause mortality and 2.2-fold

increases in cardiovascular mortality risk in patients in

the lower two quartiles of 25(OH)D (median, 19.0 and

32.3 nmol/l) compared with the highest quartile (median,

71 nmol/l) in a prospective Austrian study [61].

Coronary calcification measured by computed tomo-

graphy correlates with coronary artery disease (CAD)

severity and predicts CAD both in symptomatic and

asymptomatic individuals [62,63]. Coronary calcification

negatively correlated with 1,25(OH)D concentrations

both in asymptomatic people with moderate risk of

developing CVD and in very high risk patients homo-

zygous for familial hypercholesterolemia with known

CVD [64]. Unfortunately, this study reports concen-

trations of 1,25(OH)D, which do not correlate well with

25(OH)D, and may not represent a good measure of

vitamin D body stores [65].

Vitamin D and calcium supplementation have not been

shown to alter either coronary or cerebrovascular risk over

a 7-year period in the WHI study [66]. Although CVD was

a prespecified secondary efficacy outcome in the WHI,

the null results regarding vitamin D effect on cardiovas-

cular risk should be cautiously interpreted for similar

reasons as T2DM risk in the WHI discussed above.

In addition to effect on cardiovascular risk factors, vita-

min D may impact cardiac function and atherosclerosis

through multiple other mechanisms. Increased activity of

the renin–angiotensin–aldosterone system has an

important role in cardiovascular risk beyond its effect

on blood pressure [67,68] and vitamin D is a negative

regulator of the renin–angiotensin system [51,52]. In

addition, vitamin D deficiency affects cardiac contracti-

lity, vascular tone, cardiac collagen content, and cardiac

tissue maturation [69] and has direct effects on vascular

smooth muscle cell calcification and proliferation [70–

73]. Chronic subacute inflammation had been shown to

increase cardiovascular risk [74]. As a modulator of

inflammatory cells and inflammatory cytokines secretion

[75], low vitamin D has been implicated to contribute to

several chronic inflammatory conditions [13]. Nuclear

factor kappa-light-chain-enhancer of activated B cells

(NF-kB) is a key transcription factor regulating the

expression of multiple proinflammatory and proathero-

genic cytokines. Increased NF-kB activity has been

associated with insulin resistance, T2DM, and athero-

sclerosis [76]. Vitamin D has been suggested to inhibit

NF-kB activity [77,78] and blunt lipopolysaccharide-

induced mRNA expressions of proatherogenic factors

[79]. In addition, 1,25(OH)2D3 may suppress macrophage
rized reproduction of this article is prohibited.
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foam cell formation in diabetic patients by reducing

acetylated or oxidized low-density lipoprotein (LDL)

cholesterol uptake. Conversely, deletion of the macro-

phage vitamin D receptor accelerates foam cell formation

induced by modified LDL. 1,25(OH)2D3 has been

demonstrated to reduce c-Jun N-terminal kinase (JNK)

activation, peroxisome proliferated–activated receptor-

gamma (PPARg), the thrombospondin receptor CD36,

and scavenger receptor-A1 (SR-A1) expression while

improving endoplasmic reticulum stress and insulin sig-

naling [80]. Together, these cellular and molecular mech-

anisms may underlie the physiologic contribution of

vitamin D to diabetes and cardiovascular risk.
Management of vitamin D deficiency
Presently, there are no recommendations to screen for

vitamin D deficiency. With many known risk factors

(listed below), millions of people worldwide are at high

risk for vitamin D deficiency making screening imprac-

tical and economically challenging.
(1) L
op
ack/reduced sun exposure:

(a) institutionalized;

(b) living in high or low latitude;

(c) avoidance of unprotected sun exposure or spend-

ing most day indoor; and

(d) wearing clothes that reduce UVB exposure (i.e.

because of religious beliefs).
yrig
(2) N
utritional/absorptive:

(a) malnutrition, decreased nutritional vitamin D

intake;

(b) small bowel resection;

(c) gastric surgery (resection or gastric bypass);

(d) total parenteral nutrition (TPN);

(e) hepatic disease – reduced vitamin D absorption;

and

(f) breast-fed infants: vitamin D requirements can-

not be met by human milk alone.
(3) R
educed vitamin D synthesis:

(a) elderly – less efficient synthesis of vitamin D in

the skin;

(b) dark skin (people with darker skin require three-

fold to six-fold more exposure);

(c) hepatic disease – decreased 25(OH)D synthesis;

and

(d) renal disease – decreased 1,25(OH)2D synthesis.
(4) R
educed bioavailability:

(a) obesity.
(5) I
ncreased requirement:

(a) pregnancy.
(6) M
edications that accelerate conversion of vitamin D

to inactive metabolites:

(a) anticonvulsant drugs (requires tow-fold to five-

fold more vitamin D intake daily) and

(b) rifampin.
ht © Lippincott Williams & Wilkins. Unauth
(7) M
ori
edications that interfere with absorption:

(a) bile acid sequestrants and

(b) laxatives.
zed
However, this must be balanced against reports of rising

vitamin D deficiency prevalence and the many health-

related conditions associated with it, suggesting the need

for appropriate vitamin D supplementation. Current vita-

min D daily recommended intake (DRI) of 200 IU from

birth through age 50 years, 400 IU from age 51 to 70, and

600 IU from above 70 years is likely insufficient to achieve

optimal vitamin D level of 75 nmol/l [18]. Vitamin D

intoxication, which can be serious, causing hypercalcemia

and/or hypercalciuria [81], is rare and may be caused by

inadvertent or intentional ingestion of excessively high

doses becoming apparent when 25(OH)D levels exceed

250–375 nmol/l [82,83]. For example, 5000 IU vitamin D

daily supplement for 12 months in sun-deprived nursing

home residents did not change serum calcium or caused

hypercalcemia [84]. The upper limit of vitamin D intake

may be as high as 10 000 IU daily [85]. Therefore, estab-

lished safety profile of vitamin D supplementation

provides a wide safety margin and supports an adult

supplement dose of 800–1000 IU daily [3,17]. People with

overt vitamin D deficiency require 10 000–50 000 IU vita-

min D monthly until stores are replete. On average, 100 IU

of vitamin D increases 25(OH)D serum concentration by

2–3 nmol/l [17]. Importantly, due to accumulating infor-

mation about the apparent need to change the DRI of

vitamin D, a committee of the Institute of Medicine has

been named to assess current relevant data and update the

DRIs [86]. The committee’s conclusions are expected to

be presented in late spring, 2010.

Conclusion
The importance of vitamin D to bone and skeletal muscle

health is well established. However, evidence is accumu-

lating to suggest vitamin D plays an important role in other

conditions such as diabetes and cardiovascular health, as

well as cancer, and autoimmune and dental diseases [3,16].

It is also evident that vitamin D deficiency or insufficiency

is extremely prevalent worldwide, with apparent increas-

ing prevalence. Currently, there is insufficient level 1

evidence from intervention studies evaluating whether

vitamin D supplementation could improve diabetes and

cardiovascular risk or outcomes. However, given the ease

and safety to administer vitamin D, recommending ade-

quate vitamin D intake should be considered in appro-

priate patients while awaiting sounder evidence from

prospective, randomized intervention studies.
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